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Abstract

Purpose — To find, how passengers and freight transport efficiency depends on vehicle cruise speed. Based on the
Karman-Gabrielli Diagram, four new diagrams are investigated. Plotted is a) the lift-to-drag ratio (weight-to-drag ratio)
versus cruise speed. b) Vehicle weight is replaced by the weight of the payload. c) Plotted is the inverse of energy
consumption per payload and range versus cruise speed. d) Energy consumption is replaced by primary energy.

Methodology — For each of the four new diagrams and for each considered means of transport, the governing
equations are derived or obtained from literature. Data is collected and the diagrams are plotted. Results are
discussed based on new figures of merit visualized in the form of straight iso-lines in the log-log plot. With normal axis
the straight lines turn into a typical Pareto fronts.

Findings — Faster cruise speed of a vehicle is associated with reduced efficiency. More meaningful results are
obtained if vehicle weight is replaced by the weight of the payload. Even better, if energy consumption is used or
primary energy consumption compared to a slower vehicle. Freight ships are the best in fuel economy. The best
compromise between fuel consumption and speed may be achieved by the hyperloop.

Research limitations — This paper includes only a selection of vehicles from each category due to limited data
accessibility.

Practical implications — The Karman-Gabrielli Diagrams enable transportation users to make decisions regarding
the most suitable mode of transport, considering various factors such as speed, economy, and environmental impact.

Originality — This seems to be the first report that extends the Karman-Gabrielli Diagram in such a way and proposes
new transport figures of merit.
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Introduction

OBJECTIVES

» The purpose of this paper is to discuss “What price speed?”, so that the analysis of

the carrying capacity of the vehicle and its energy consumption shall be performed.

= The original KG diagram shall be improved, where lift over drag ratio shall be utilized
in place of specific resistance, and cruising speed is used in place of maximum

Speed.
= This paper will also present several diagrams:
— New KG Diagram
— New KG Diagram with respect to payload mass
— Inverse of primary energy consumption per payload and range

= For the diagrams, the transport figure of merit in terms of lift over drag a;, and

primary energy ay shall be performed.
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Karman-Gabrielli Diagram

The Original Karman-Gabrielli Diagram

Specific Power or
Specific Resistance

o

&

WV

€: Specific Power
P: Max. Power

W: Vehicle Weight
V: Max. Velocity

Specific Power, Dimensionless Ratio
(Max. Motor Output Power to Gross Vehicle Weight x Max. Speed)

A= 0,000175 h/mile

The original Karman-
Gabrielli Graph
(Transcossi 2016)

[2.24) [224] [224] [572]

Maximum Vehicle Speed (meters per second) or [miles per hour]
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Karman-Gabrielli Diagram

RESTRICTIONS

But some things are not taken into consideration, such as:

= Power used at cruising speed

= Market weight to total weight ratio

= Lack of analysis of the energy to transport the payload

= No clear indication of the consumption per transported person
= Whether it is primary or final energy, information is required
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Karman-Gabrielli Diagram

The Improved Karman-Gabrielli Diagram

Lit() A
.- . D D
The Inverse of Specific Resistance fag (D)
1000 N
1 w-v W L
_——=— T — T — — Maritime wvehicles
— | and wvehicles
8 P D D — Aerial vehicles
. A
In Naval Architecture 100 e,
s“ﬁ%
T A %
—_= — A : Loaded displacement \“%;
&E RV Ry: Ship’s drag . g;/
\ \/g/'
Jx
10 *
The KG Graph using
L/D approach
(Wikipedia 2023a) 1 >
1 10 100 1000 Speed (km/h)
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Parameters
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Primary energy factor kpgr (Scholz 2019)

Improved Karman-Gabrielli Diagram

Online, 2023-10-23

Aircraft Design and Systems Group (AERO)

. L 2,70 y= -3,1164E-09x5 + 3,7595E-05x° - 1,8897E-01x* +
Lift over drag: D 260 5,0657E+02x° - 7,6385E+05x + 6,1428E+08x - 2,0583E+11
= R?=9,9867E-01
. . . L
Payload Fraction times lift over drag: (E) E. 2,50
l X
P 5 . 240
5), =5 G)
—_— = — — L] !
D/pi m D ;—.3‘3 2,30 e PEF
g
. o 220 —— Poly. (PEF)
Energy consumption per payload and range: & ’
S*Mpy 5 210
E
; . Epri =
Primary energy consumption per payload and range: Spﬂ £ 200 -
: l
B v 1,90 +
— Diesel or gas operated: R =11- E 2000 2005 2010 2015 2020 2025 2030
sMmypy S'mp; year Data: EUPEF 2016
. Epri E
—  Electrically powered: L = kpgp -
yp smp; PEF smp Share of fossil fuels in electricity generation xz¢ (Scholz 2019)
60,0% — - - - - -
CO2 mass to payload mass and range: 522
S.mpl 50,0%
— Diesel or gas operated: Meoz = 3,15-1,1-mf Ay
. ‘& = 40,0% -
—  Electrically powered: Meoz = 3,15 X * Eppim /H|, s §
Meq,cO2 E g 30,0% V=-7,7623E-03x+ 1,610E+01
Equivalent CO2 mass to payload mass and range: % HH =T
Mpl - o
. ‘s :- 20,0% -
— Diesel or gas operated: Mcoz,eq = Moz (kgrrr + 0,1) é - T
. L )
—  Electrically powered: Mco2,eq = Mco2 C — Linear (fossile fuels)
0,0% 1
2005 2010 2015 2020 2025 2030
krr; (Radiative Forcing Index) = 2,7 year
Data: EUPEF 2016
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L/D=...

HAMBURG

Air Transport Water Transport Land Transport Pipeline Transport

Improved Karman-Gabrielli Diagram
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Subsonic Fixed-Wing Bulker, Tanker and Car, Truck and Bus Hyperloop
Aircraft Container Vessel m-g__m-g m-g
A A’g RT RA+RR RA+RB
k R
E Swet T
Sw
Supersonic Fixed-Wing Cruise Ship High Speed Train Oil and Gas Pipeline
Aircraft A-g m-g 2-d-g
3(M + 3) R Ry 1-12

M

Rotorcraft Human and Animal
m-V A m-V
or = -
cont P
Airship
m-g

D,

Glider
horizontal distance
elevation change
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Equations for the Modes of Transportation
E/s*m_pl=...

Air Transport Water Transport Land Transport Pipeline Transport

Subsonic Fixed-Wing Bulker, Tanker and Car, Truck and Bus Hyperloop
Aircraft Container Vessel mg - Hy, nn kWh
1 H _me-H E 1 S Mpy " 100km - person
SAR my  s-my t V-my
Supersonic Fixed-Wing Cruise Ship High Speed Train QOil and Gas Pipeline
Alrcraft Ty Hy 60 —Wh Diesel/gas % Ve % 0 75.;3.0 9
1 .HLsz'HL S+ My pax - km et 12 4 1
SAR my  s-my, ectric 2 d 0,75:0,9
Rotorcraft Human and Animal
HL o mf E
R-my S My
Airship
H, -
L t
V- mpl
Glider
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Equations for the Modes of Transportation

Air Transport — Subsonic Fixed-Wing Aircraft

Maximum lift over drag B- b?
=5
L I A
D T TE S et Flight length _
max S
w Short Range 15,15
Medium Range 16,19
Long Range 17,25
(Scholz 2022)

Energy consumption per payload range

E 1 H, mg-H
S - My, ~ SAR My B S - My,
VE 1 s
SAR = — . —=—

cg m my

c=3735-10"8.17212107° .y 4 1 65.1075 . =04

A: Aspect ratio
b: Wing span

../ 5, Sw: Wing area
8 A
- 7;%51\\
™
: 7Y
- B47 - .LJ { psar200
7 | g
: 8] MD-80-30, Ljs \ | A
5,35 | A320-200 - L )
B ﬁL ,h':i L 4 = == “-Lk‘ BT37-300 6,25 |« Fokker 100
| et 0 | a
B | - ol | A 596/ |
6 —,/m”o_m\—)! —)o"ﬂ\iﬁ n
L et e ey | 1 ™=
s8] A | 597 ndln |
B W 551(0| )I N e |
- /‘k\ AN Eg T
- AIEIOE}VE«?;R . A310-300 f_!,\
5 ‘U,:..rr‘ 1 v v\{l—L 8757-200 /1 J L f\\
i & r | ™3 507 | i
i ' P §
i + TU-154M
4 B "A34D-300
3
2

: Specific Air Range

Heating value

Thrust specific fuel consumption (SFC)
Bypass ratio

SAR
HL:
C:
A
Primary energy consumption per payload range
E rim E
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Equations for the Modes of Transportation

Air Transport — Supersonic Fixed-Wing Aircraft

Maximum lift over drag

L _3(M+3) %
D o = M M = P M: Mach number
Energy consumption per payload range SAR: Specific Air Range
E 1 HL mf . HL V- £ 1 s H;: Heating value
= . = SAR = D - - c: Thrust specific fuel consumption (SFC)
S My SAR My S My cg m mg A Bypass ratio

c=3735-10"8.17212107° .y 4 1 65.1075 . =04

Primary energy consumption per payload range

Eprim ~—11.
S - Myl S - My
P cont: Continuous power
Air Transport — Rotorcraft R:  Cruise range
Lift over drag Energy consumption per payload range Primary energy consumption per payload range
L_mV =3...4 E__H-my —Eprim=11._
D__ P oy S+ my  R-my s - My, s emy,

Dinda Andiani Putri
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Equations for the Modes of Transportation

Air Transport — Airship

Dy: Zero-lift drag

Lift over drag Pair: Air density
. cpy: Coefficient of drag
£ — m-g V: Cruise speed
D DO Sy: Reference area calculated from the volume of airship
l: Length of the airship
d: Diameter of the airship

Vol: Volume of the airship envelopes
V: Cruise speed

1 ) l: Length of the airship
Dy = 5" Pair * V< cpy + Sy v: Kinematic viscosity
1
I 3 d 0,2 d 2,7 1
Cpy =10,172( =] +0,252(— + 1,032 = T
d l l 1
Re6
2 V-l
SV - VOl3 Re = —_—
Y

Energy consumption per payload range

Primary energy consumption per payload range

L L
E Lt _prim _ 1.1 —— H; : Heating value
= ’ . . .
S+ My, V- My S My S My mg/t: Fuel consumption per time
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Equations for the Modes of Transportation

Air Transport — Glider

Lift over drag
L distance

D~ height I!'):I[;iﬂ d = Horizontal Distance
rag h = Vertical Height
W= Weight L
a =Glide Angle Fllght; Path
Horizontal
Horizontal Force Equation: L sin(a) = D cos(a)
ratio = Lit _ L _d__1 = 4d_ dlsfance
Lift to Drag Ratio of Drag D ¢ tan(a) h height
Glider (NASA 2023)
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Equations for the Modes of Transportation

Water Transport — Bulker, Tanker and Container Vessel

Lift over drag
L A-g
D Ry

Rzl.c..g V2
T=5 T P ow

ICT - CF+CA+CAA+CRI

Hans Otto Kristensen

Vessel Type Cy4°1000

Small tankers 0,07
Handysize tankers 0,07
Handymax tankers 0,07
Panamax tankers 0,05
Aframax tankers 0,05
Suezmax tankers 0,05
VLCC 0,04

. 0,075
"7 (logRe — 2)2
V-L
o7 wl
iV

(Global Security 2011)

LOA ]
LBP | |

[ p—
o e

DEPTH

3
.

DRAFT

|1000-C, = 0,5 - log(A) — 0,1 - (log(A))?]

v
Sy = 1,025 - (FJ’ 1,7 Lyp - T)

Energy consumption per

Primary energy consumption

payload range per payload range
E _ E . 1 Eprim —-11
S’mpl t V'mpl S-mpl ’ S.mpl

~ | o=y

moil,auxilary engine

t

.HL+

moil,main engine

'HL

Ry: Total resistance

Cr : Total resistance coefficient

Cr : Frictional resistance coefficient
C4 : Incremental coefficient

Cy4 : Air resistance coefficient

Cr : Residual coefficient

A: Loaded displacement

Ly,;: Length of waterline

V: Kinematic viscosity = 1,14 -
107 mTZ at 15°C

Sw: Wetted area

V:  Volume displacement

T: Draught

Lyp: Length between perpendicular
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(Somers 2017)

Equations for the Modes of Transportation
Land Transport — Car, Truck and Bus

Lift over drag

L m-
L7

D R,
= Car tires and asphalt 0,015 e weight driving force
[ | tion fi I fricti
IR = R4 + Rz Car tires and earth way 0,05 daol ;::;Swnce
IRR =m-g- #Rl Rolling Friction Coefficient (Scholz 2022) Ry: Total resistance

R4: Aerodynamic resistance
Rp: Rolling resistance
—_.p . . .2 R
RA—7 Pair * Ca*Af -V cq: Drag coefficient
Ag: Frontal area
Ug: Rolling friction coefficient

Energy consumption per payload range Primary energy consumption per payload range
E . mf ° HL _E - E
s'm, S-m Diesel P 11—
pl pl iesel or gas " o) S —
_ Eprim E E
Electric ——— =kpgp - ———=2,1-——
S My S My S My
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Equations for the Modes of Transportation Train Resistance,
without headwind
130 4
kN ]
Land Transport — High Speed Train 120 1 | ——IcE3, Bwagons
Shinkansen N700 (Abe 2013), 8 wagons
Llft Over drag 110 T ——TGWV Duplex (Bosguet 2013), 10 Wagons
L 100 1 —— Chuo Shinkansen ML< (2004), 7 sections
. — m ) g Transrapid, 5 sections
D RT 90 ' —— Chuo Shinkansen in tunnel (Abe 2013), 7 Sections
80 +
Types of train resistance: .
* Rolling resistance g 70+
. . v
* Wind resistance T ]
. . &€ gg
* Acceleration resistance 1
* Starting resistance 50 1
¢ Curve and grade resistance ]
Energy consumption per distance and payload ]
(Scholz...): Wy
60 Wh/pax km . /
10 :—_/
Primary energy consumption per payload range :_/
0 ' | | f—
Eprim E E 0 100 200 300 400  kmh 500
—_— = PEF ' — = 2,1 T Speed
S My S My S+ My Resistances of high speed train (Fritz 2018)
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Equations for the Modes of Transportation
Land Transport — Human and Animal

Lift over drag
L m-V Eprim _ E

D P

S‘mpl S'mpl

TABLE 2 DATA ON LIVING POWER PLANTS

. Weight,  Speed, Power,
Kind of locomotion ib mph hp
Man—WaLkinG anp Running
Walking.................. ... 155 3 0.084
Marching fase................... 135 9 0.30
100-yard runner.................. 122 22.4 0.90
Man—OnN Bicycir
Pleasure trip.................... 185 15.5 Q.25
Speeding on highway............ 160 25.0 0.47
On racetrack.................... 155 38.1 1.01
Horse
With carriage, at fast step........ 3500 4.5 0.64
With carriage, trotting........... 2650 9.0 0.85
Racehorse in gallop, with jockey.. 1000 38.5 2.0

(Gabrielli 1950)

HAW

Primary energy consumption per payload range

(Wikipedia 2023b) (Ebert 2020)

E/m E/(s*m)
[MJ/kg] [J/mpax]

Human walking, 200
human marching

fast and 100 yard

runner

Bicycle pleasure 110
trip, bicycle

speeding on

highway, bicycle on

racetrack

Horse with carriage 0,02
with fast step,

horse with carriage

by trotting,

racehorse

HAMBURG
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Equations for the Modes of Transportation

Pipeline Transport - Hyperloop

Lift over drag
L m-g
D R, +Rp

R,4: Aerodynamic drag
Rp: Air bearings drag

Energy consumption per
distance and payload:
4,4 kWh/100 km per person

Hyperloop passenger transport capsule conceptual design sketch (Musk 2013)
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Equations for the Modes of Transportation

Pipeline Transport — Oil and Gas Pipeline

Lift over drag

p : Pressure differential

Pipe friction coefficient
Diameter of the pipe
Length of the pipe
Cross-sectional vector area
Volumetric flow rate

e: Reynoldsnumber

SR T A D

L m-g 2-d-g Power P=Ap-V=Ap-A-V
D_Ap-A_ A-V2 Energy E=P-t=Ap-A-V-t=Ap-A-1l
E_, 2P
1 TPy
03164 m:mot:pov.t:p-A.V.t:p-A.l
1=—
VRe 1 I
2
Re—V.d E :Ap.A.lep.AzAp.AZAPIE-pVA'a:—-VZ-&
v [-m [-m m p-A-l p-l p-l 2 d
L m-gib p-A-l-g _2-d-g
b Ap-4 %'p'VZ A%-A ve-2a Primary energy consumption per payload range

. . Diesel or gas
Primary energy consumption per

payload range

E__1 7

S-mm E E

Electric

_Eprim E 1

Dinda Andiani Putri
Improved Karman-Gabrielli Diagram

Presentation of the Bachelor Thesis
Online, 2023-10-23

s-my, s-m, 075-0,3-0,9
Eprim __E 1
S'my s -my 0,75-09
Page 24 o

Aircraft Design and Systems Group (AERO)



HAW
HAMBURG

Comparing Modes of Transportation with an Improved Karman-Gabrielli Diagram

Results of New KG-
Diagram

,_).
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Results of New KG-Diagram

KG Diagram: Lift over Drag

KG Diagram

10000.00
® Subsonic Aircraft

Supersonic Aircraft
® Cargo Aircraft
Helicopter
1000.00 @ Airship
® Glider
'. . ® Bulker, Tanker, Container
. Cruise Ship

Car

D

= 100.00 ®
-
° %Y Truck

[ ] ° Bus

@ High Speed Train
° 4 Human and Animal

10.00 ® Hyerloop

@ Oil and Gas Pipeline

1.00 10.00 Cruise speed [m/s] 100.00 1000.00

Karman-Gabrielli diagram for all vehicles

...).
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Results of New KG-Diagram

KG Diagram: Lift over Drag in Pareto Front Curve

KG Diagram for Aircraft in Pareto Front Curve

0.4000
AS350 B3
0.3500 EC120B
0.3000
R44 Raven |
0.2500 R44 Raven Il
=)
= 0.2000
=~
i
MD-11 (Cargo)
0.1500 Concorde B747-400 (Cargo)
0.1000 Avro Vulgah 1Y-154M
Fokker 100
B747-400
B757-200 MD90-30
B737-300—4 A321-200 Karman-
0.0500 ¥ -
MD-11 A320-200 ASW 28 Grob 103 Gabrle”l
A340-300 € yB-49 ® ° di for all
A310-300 . iagram for a
'A300-600R ® 7129 Hindenburg > .
_ B767-300 vehicles in
0.0050 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 Pareto front
1/V [s/m] curve
Dinda Andiani Putri Presentation of the Bachelor Thesis Page 27 »

Improved Karman-Gabrielli Diagram Online, 2023-10-23 Aircraft Design and Systems Group (AERO)



HAW
HAMBURG

Results of New KG-Diagram

KG Diagram: Payload Fraction times Lift over Drag

KG Diagram Regarding Payload Mass

10,000.00
® Subsonic Aircraft
Supersonic Aircraft

@ Cargo Aircraft

; Helicopter
1,000.00 [ 4 @ Airship
.? ° @ Glider
0. '. @ Bulker, Tanker, Container
@ Cruise Ship
100.00 s Car
‘o..
B LA Truck
g e
= Bus
L J
g o @ Train
10.00 e L ° - Human and Animal
. (4 ® Pipeline for Passenger
. . - ..‘ @ Oil and Gas Pipeline (electric)
[ ] 0il and Gas Pipeline (diesel/gas)
o
1.00
0.10
1 10 100 1000 10000
Cruise speed [m/s]
Karman-Gabrielli diagram regarding payload mass for all vehicles
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Results of New KG-Diagram

KG Diagram: Payload Fraction times Lift over Drag

KG Diagram Regarding Payload Mass for Aircraft in Pareto Front Curve

2.00
Concorde
1.80
1.60
1.40
1.20
©
©
[s]
=
T
2 1.00
(=]
~
=
~
~ 0.80 AS350 B3 Ecﬁgféaven |
R44 Raven Il
0.60 ® YB-49
Karman-
® Avro Vulcan Gabrielli
0.40 A340-300 B747-400 di
B?HB&& " TU-154M LZ 129 Hindenburg —o Iagram
G Y—— regarding
A = R okker
0.20 B767-300 aa‘;w_%ogo payload mass
B737-300 ATT00 ® ASW 28 for all vehicles
MD-11 {Cargo)- §747-400 (Cargo) in Pareto front
0 0.005 0.01 0.015 0.02 0.025 0.03 curve
1/V [s/m]
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Results of New KG-Diagram

KG Diagram: Inverse of Energy Consumption per Payload and Range

Inverse of Energy Consumption per Payload Range

100.00
@ Subsonic Aircraft

Supersonic Aircraft
- ® Cargo Aircraft
. Helicopter
& ' .
@ Airship
® Bulker, Tanker, Container
* Cruise Ship
10.00
[ ] Car
[ Truck
Bus
[ ] ®Train
Human and Animal
Pipeline for Passenger
@ Oil and Gas Pipeline (Electric)

1.00
0il and Gas Pipeline (Diesel)

s*m/E [mkg/]]

o‘n.

0.10

0.01
1 10 100 1000
Cruise speed [m/s]

Inverse of energy consumption per payload and range for all vehicles

...).
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Results of New KG-Diagram
KG Diagram: Inverse of Energy Consumption per Payload Range for Aircraft in

Pareto Front Curve

Inverse of Energy Consumption per Payload Range for Aircraft in Pareto Front Curve
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Results of New KG-Diagram
KG Diagram: Inverse of Primary Energy Consumption per Payload Range for
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Results of New KG-Diagram
KG Diagram: Inverse of Primary Energy Consumption per Payload Range for
Aircraft in Pareto Front Curve
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Results of New KG-Diagram

KG Diagram: Inverse of CO2 Mass to Payload and Range
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Results of New KG-Diagram
KG Diagram: Inverse of Equivalent CO2 Mass to Payload and Range
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Comparing Modes of Transportation with an Improved Karman-Gabrielli Diagram

Summary

e It is a philosophical decision, whether people would maximize speed or maximize
carrying capacity.

e Regardless of the vehicle’s low transport figure of merit, they also have some reasons
to be still available in operation.

e The medium where they travel is also one of the important aspects. Water has a higher
density than air, which causes a ship to exhibit greater lift than an airship.

e Public transportation is typically more effective for transporting individuals due to ist
greater capability to transport passenger, reduced energy consumption and lower per-
passenger carbon dioxide equivalent emissions than private vehicles.

e Public transportation which electrically powered must be more developed in the future.

e As technology progresses, the technological limit line in KG-Diagram will undergo
continuous modification.

e Non essential trips should be avoided.
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